If the sequencing or amplification batches did not have a significant effect, we dropped them from the model 1 2 1 as they are strongly correlated with sampling week. We also dropped non-significant variables one-by-one 1 2 2 from the model to see if our models were robust. This did not affect which variables were statistically 1 2 3 significant. We also explored the effects of parasites on beta diversity and included this analysis in Appendix 1 2 4
1 2 5
Joint species distribution modelling with latent variables 1 2 6
We fitted a statistical joint species distribution model, combining information on environmental covariates, 1 2 7 species traits and phylogenetic constraints, as well as the sampling study design. We fitted four models in 1 2 8 total. Using only the parasite data for years 2011 and 2012, we fitted i) a model constrained with 1 2 9 environmental covariates, species phylogenies and traits, and the sampling design included as latent 1 3 0 variables, and ii) an unconstrained model, with only sampling unit level latent variable. Using the combined 1 3 1 parasite and microbiota data for only 2012, we fitted iii) a model constrained with environmental covariates, 1 3 2 species phylogenies and traits, and the sampling design as latent variables, and iv) an unconstrained model, 1 3 3 with only sampling unit level latent variable. In all cases, we modelled the response community data matrix 1 3 4 using the Bernoulli distribution and the probit link function. We fitted all the models with Bayesian 1 3 5 inference, using the posterior sampling scheme of Abrego et al. (2016b) . More details and applications of the 1 3 6 modelling framework used can be found also in (Abrego et al. 2016a; Ovaskainen et al. 2016a; b) . We 1 3 7 provide the the full description of the model, including assessment of model fit, in Appendix 3, as well as the 1 3 8 prior distributions assumed in the Bayesian analysis. Below we describe the variables used in the different 1 3 9 models. 1 4 0
Parasites 1 4 1 For models i) and ii), we used the presences and absences of the parasites found in the mouse lemurs during 1 4 2 years 2011-2012 as the response matrix. For model i), as environmental covariates we included the sex, age, 1 4 3 aggressiveness and general condition of the lemurs, and with males we also accounted for the size of their 1 4 4 testis (and considered females as individuals with extremely small testis size). We also included the time of 1 4 5 sampling (week) and its quadratic form (week 2 ) to account for the effect of seasonality. As species traits, we 1 4 6 included whether the parasite has a direct or non-direct life cycle and whether it is an endo-or ectoparasite. 1 4 7
In order to account for possible phylogenetic correlations in the species responses to their environment, we 1 4 8 included species phylogenetic constraints in the model (for details, see Abrego et al. (2016b) and Appendix 1 4 9
3). We constructed the phylogenetic relationships from the taxonomic tree with five levels: domain, 1 5 0 kingdom, superphylum, phylum and species, assuming equal branch lengths. Finally, we included random 1 5 1 effects, which also model the co-occurrence among species, at the levels of individual lemurs, transects and 1 5 2
year of sampling, using a latent factor approach (Abrego et al. 2016b; Ovaskainen et al. 2016a ). 1 5 3
Microbiota and parasites combined 1 5 4
For models iii) and iv) we used the presences and absences of both parasites and microbiota found in the 1 5 5
lemurs in year 2012 as the response matrix. To avoid overrepresentation of very rare OTUs, we considered 1 5 6
only OTUs with >9 amplicons as presences. Then to avoid sequencing and OTU picking errors, we 1 5 7 considered the OTUs present, if there were in total >99 amplicons in at least two lemur individuals. After 1 5 8 this, we constructed the final response matrix as presence and absence at the level of orders. For model iii), 1 5 9
as environmental covariates we included the same characteristics of the lemurs as with the parasite model i), 1 6 0 and in addition, we included whether the taxon is a parasite or part of the microbiota and microbiota was 1 6 1 considered as having neither direct nor indirect life cycle. We constructed the phylogenetic relationships with 1 6 2 five levels assuming equal branch lengths: domain, kingdom, phylum, class and order. Since the occurrences 1 6 3 were modelled at the level of orders for the microbiota, but at the level of species for the parasites, we set the 1 6 4 phylogenetic distance between the two hymenolepidid species in the phylogenetic correlation matrix ‫ܥ‬ to 1 6 5 0.99. We included latent random effects at the levels of individual lemurs and transects. 1 6 6
Unconstrained models 1 6 7
As a point of comparison, for both data sets, we fitted unconstrained models ii) and iv), where we only 1 6 8 included a sampling unit random effect, which models the variation in species occurrences and co-1 6 9 occurrences at the level of individual samples, obtained from individual lemurs, and no environmental 1 7 0 covariates, phylogenetic constrains, nor traits. Thus, the variance across sampling units in the species 1 7 1 responses is explained with the latent variables. By comparing the results for the constrained and 1 7 2 unconstrained models, we can separate the associations that are solely due to the (dis)similar habitat 1 7 3 requirements (e.g. when two species share the same habitat preferences, and hence co-occur more often than 1 7 4 expected by random) or hidden by the (dis)similar habitat requirements (e.g. when two species share the 1 7 5 same habitat preferences, but even after accounting for this, they still co-occur more often than expected by 1 7 6 random) from the associations immune to the effects of the explanatory variables (i.e. we see the same 1 7 7 association patterns regardless of the inclusion of the explanatory variables). This approach is analogous to 1 7 8 comparing a constrained and an unconstrained ordination, with the difference of our approach being model-1 7 9
based (see e.g. Hui et al. 2015 , Warton et al. 2015 . 1 8 0
Variance partitioning 1 8 1
Variation partitioning provides means to assess the explanatory power of different explanatory variables in 1 8 2 relation to the same response variables, and hence give insight to which environmental variables are the most 1 8 3 influential ones (Borcard, Legendre & Drapeau 1992) . For the constrained models i) and iii), we partitioned 1 8 4 the variation explained by the model into the part explained with fixed effects and random effects. Moreover, 1 8 5
we separated among the fixed effects the variation explained with covariates related to lemurs and to 1 8 6 seasonality, as well as the share of variation explained by the traits. We also differentiated between the 1 8 7 variation explained at different levels of random effects. 1 8 8
Results

8 9
We collected complete parasite and metadata for 281 samples in two years, 2011 and 2012, and combined 1 9 0 parasite and microbiota data for 80 samples from 2012. Prevalences for different parasites varied from 1 to 1 9 1 72% ( Table 1) . All observed lice were Lemurpediculus verruculosus, and all ticks belonged to 1 9 2
Haemaphysalis lemuris. We identified cestodes based on shape of eggs to two distinct species Hymenolepis 1 9 3 diminuta and H. nana. Two genotyped adult specimens also validated the identification of cestode species 1 9 4 (Voitto Haukisalmi, pers. comm.). Eimeriids belonged to one morphospecies and nematode putative species 1 9 5 were grouped as in Aivelo et al. (2015). 1 9 6
Neither microbiota alpha diversity nor richness was related to host variables or most of the parasite 1 9 7 Figure 1) . For beta diversity, H. 1 9 9 diminuta and ectoparasites presence both had significant effects on two of the four metrics (Appendix 2). 2 0 0
All the parameter estimates, including associations between species, presented in the following chapters as 2 0 1 'significant' have statistical support based on the 90% central credible interval, unless otherwise stated. A 2 0 2 positive association between two species means that they occur together more often than expected based on 2 0 3 their (dis)similar habitat preferences and purely by random, whereas negative associations implies that they 2 0 4 occur together less often than expected based on their habitat preferences or by random. 2 0 5
Model i) and ii): responses to the environment and associations between parasites species 2 0 6
In model i), all significant associations between parasite species at the level of individual lemurs were 2 0 7 positive (Figure 2a ). Cestode Hymenolepis diminuta had strong (ܴ 0 . 7 9 , Appendix 4, Figure A2a Appendix 4, Figure A2b ) at the level of transects. At the temporal level (Figure 2b) , there were both negative 2 1 1 and positive associations, meaning that some parasites were co-occurring during the same year (positive) or 2 1 2 occurring during different years (negative). These associations coincide with differences in parasite 2 1 3 prevalence (Table 1) : cestodes were less prevalent in 2011 whereas the prevalence of ectoparasites was more 2 1 4 similar between years, with a high prevalence of lice and low of ticks. 2 1 5
There were a few significant explanatory variables for presences of parasite species. Eimeria was more 2 1 6 probable to be present when the host lemur had better body condition (Appendix 4 Table A1 ). Lice and ticks 2 1 7
were more probable to occur in males, while the occurrence probability of lice was negatively correlated 2 1 8 with testis size. Both PS1 and PS4 were negatively correlated with higher age, whereas PS1 was also 2 1 9 positively correlated with body condition. Neither the mode of parasite infection -indirect or direct -nor 2 2 0 ecto-or endoparasitism significantly explained the differences in responses to parasite species.
1
In the unconstrained model ii), both the amount of significant associations and the amount of interactive 2 2 2 species was the same as with the constrained model at the level of sampling units (Figure 2c ) and years 2 2 3 (Figure 2b ). Eimeria and PS5 showed unconstrained association patterns with several nematode species and 2 2 4 ticks, but these did not exist after accounting for their habitat requirements (Figure 2a-b) . No associations 2 2 5 changed directions: positive associations were positive in both models at all levels, as were the negative 2 2 6 associations. All the significant constrained associations at the level of individual lemurs (Figure 2a) were 2 2 7 also visible in the unconstrained model (Figure 2c ), implying that some of the unconstrained associations 2 2 8 were due to (dis)similar habitat requirements. 2 2 9
After partitioning the variation explained by the model i), the covariates related to the lemurs accounted for 2 3 0 49% of the total variation explained by the model, whereas the covariates related to seasonality accounted for 2 3 1 9.5% (Appendix 4, Fig. A3a ). Species traits explained 46% of the total variation captured with fixed effects 2 3 2 (which was 58.8% of the total variation explained by the model). Random effects accounted for 18% at the 2 3 3 scale of lemurs, 9.8% at the scale of transects and 13% at the scale of years of the total variance explained by 2 3 4 the model. No traits had significant effects, but there was a strong phylogenetic signal in the species responses to their 2 3 6 environment (0.92, see Appendix 3 for details). 2 3 7
Model iii) and iv): responses to the environment and associations between parasites and microbiota 2 3 8
There were three parasite species with significant associations with bacterial families at the individual mouse 2 3 9 lemur level: Eimeria sp., Hymenolepis diminuta and H. nana (Figure 3) were significant, except that of Anaeroplasmatales, which were more abundant in males, nor were there 2 4 8 associations at the level of transects. 2 4 9
All the unconstrained associations (Figure 3b ) were also visible with the constrained model (Figure 3a ). 2 5 0
There were fewer significant associations when the environmental covariates were not included in the model, 2 5 1 meaning that some associations were not observable before removing the effect of the (dis)similar habitat 2 5 2 requirements. Of all the parasites, only H. diminuta expressed unconstrained associations (Figure 3b ). The 2 5 3 negative associations between H. diminuta and several bacterial families were present regardless of the 2 5 4 inclusion of the environmental constrains, but all the associations between H. nana and the bacterial families 2 5 5 as well as its negative association with H. diminuta were not visible in the unconstrained associations. The 2 5 6 species that exhibited any associations with the unconstrained model did so also with the constrained model, The covariates related to the lemurs accounted for 56% of the total variation explained, whereas the previously noted (Durden, Zohdy & Laakkonen 2010; Zohdy et al. 2012) , likely due to more common social 3 0 1 interaction between males. Lice prevalence decreased with higher testis volume, which was a surprise, as 3 0 2 higher testis volume correlates with higher testosterone levels which in turn can be immunocompromising 3 0 3 (Zohdy 2012). Age seemed to lead to lower abundance for two nematode species, which might be caused for The associations between parasites within host individuals were positive in model i) (Figure 2a ). 3 0 7
Hymenolepis diminuta again had associations, though this time positive, with other parasite species, whereas 3 0 8 H. nana did not have significant associations. This analysis did not find a negative association between H. 3 0 9 diminuta and H. nana, nor a positive association between H. diminuta and Eimeria sp., due to having larger 3 1 0 data set than in combined parasite and microbiota analysis (model iii). The year-level associations were 3 1 1 positive between endoparasites on the one hand and ectoparasites on the other hand, while the associations 3 1 2 between these groups were negative (Figure 2b ). This indicates that endoparasites and ectoparasites have 3 1 3 differing dynamics, i.e., when ectoparasites are more common, the endoparasites are less common and other 3 1 4 way round. This means that some other factors not captured by our variables, can modulate the parasite 3 1 PS6 ("Panagrellus") 1 1 5 1 negative associations, all with significant statistical support based on the 90% central credible interval. 5 5 9
